Bacterial strain G n T (T = type strain), a nonmotile, nonsporeforming, mesophilic, methanogenic bacterium, was isolated from the primary sludge obtained from the waste treatment facility of a major kraft pulp mill in Canada. Single cells were 6.0 by 0.8 pm and stained gram positive. Growth and methane production occurred only with H,-CO, as the substrate. Acetate, formate, propionate, butyrate, pyruvate, methanol, or trimethylamine could not serve as a sole source of carbon and energy for growth. The optimum pH for growth was between 5.6 and 6.2; consistent growth and methane production were not observed below pH 4.68. The optimum temperature for growth was 35"C, and little or no growth was observed during incubation at 15 and 50°C. Kanamycin and bacitracin were severe inhibitors of growth and methanogenesis, whereas 100 pM bromoethanesulfonic acid caused 30 % inhibition. Supernatant from primary sludge enhanced growth by about 10%. The DNA base composition was 34 mol% guanine plus cytosine. On the basis of physiological characteristics, indirect immunofluorescence typing, and DNA-DNA hybridization studies, the isolate is named Methanobacterium espanolae sp. nov.
mg of vitamin B12. The pH of the mixed ingredients (except cysteine-Na,S and Na,CO,) was adjusted to 4.5 with 5 N HC1. The medium was then reduced with cysteine-Na,S, Na,CO, was added, and 10-ml portions were dispensed into 60-ml serum vials under 80% H2-20% CO, (5). The postautoclaved (121"C, 15 min) pH of the medium was 5.5 k 0.1. Similarily, SA medium with an initial pH of 5.0 and S medium (the same as SA medium but without acetic acid) with pH values of 5.5 and 5.0 were prepared by appropriate pH adjustment before reduction of the media. Unless stated otherwise, all tests were done in duplicate, with 10-ml portions of media in 60-ml serum vials, and were repeated at least once. The averages of duplicate tests are reported below.
Isolation, stock cultures, and inoculum. A 10-ml sludge sample that was collected anaerobically from the anoxic zone of the primary sludge of the E. B. Eddy Forest Products Ltd. (Espanola, Ontario, Canada) bleach kraft mill was put into a 60-ml serum vial under 100% NZ. The cellulolytic and methanogenic activity of this mixed culture was maintained (incubation temperature, 35°C) by transferring it (lo%, vol/vol) to fresh primary sludge (under N,, supplemented with cysteine-Na,S and 5 mM NH,Cl) every 6 weeks. This primary sludge enrichment culture was inoculated into S and SA media (80% H,-20% CO,) at pH 5.0 and 5.5. After we detected large quantities (lo%, vol/vol) of CH, gas in a headspace gas analysis, the methanogenic cultures were maintained in similar media by transferring them (10% vol/vol) at 1-week intervals. Such a culture from SA medium (pH 5.0) was serially diluted into SA broth (pH 5.0) and plated onto SA agar (pH 5.5) (SA medium supplemented with 2.2% [wt/vol] Noble agar [Difco Laboratories, Detroit, Mich.]). The agar medium was prepared just as the broth medium was, but the prereduced and autoclaved medium (20-ml portions in 60-ml vials) was poured into petri plates inside an anaerobic chamber (Coy Manufacturing Co., Ann Arbor, Mich.) containing a 5% CO,-lO% H2-85% N, atmosphere. After overnight drying in the chamber, the plates were streaked, introduced into Brewer anaerobic jars which were then flushed out with 80% H,-20% CO,, and incubated at 35°C. Representative colonies from agar plates were transferred into vials containing SA broth (pH 5.5) inside the anaerobic chamber. Methanogenic broth cultures were serially diluted and plated for colony picking. This procedure was repeated several times until culture purity was established. Stock cultures of methanogenic isolates were maintained in SA broth at pH 5.5 and 5.0 by transferring them (lo%, voYvol) every 7 to 10 days into fresh media at the appropriate initial pH. The stock culture vials were repressurized every 4 days by injecting 80% H,-20% CO,.
Unless stated otherwise, the inoculum for tests consisted of 1% (voVvol) of a 1-week-old culture on SA medium (pH 5.5) which was anaerobically and aseptically concentrated 10 times into the appropriate medium to avoid carry-over of the nutrients or compounds under investigation. All incubations were static, except when indicated otherwise.
Temperature. The optimum temperature for growth and methane production was determined in SA broth at pH 5.5 by incubating preparations at 15 to 55°C. Methane production was monitored at 1to 4-day intervals as described previously (17) . The vial headspace was repressurized (69 kPa) or flushed out (3 min each) and repressurized with 80% H2-20% C02 after every 2 to 4 days of incubation. This procedure assured adequate substrate availability and was necessary to maintain a constant pH. The pH was measured initially, at 7 days, and at the end of incubation. The specific growth rate at each incubation temperature was calculated from the steepest slope of methane production (plotted on a semilogarithmic scale) between 3 and 16 days of incubation.
pH. The pH requirements for growth at 35°C were determined from specific growth rates based on CH, production, as described above for temperature studies, by using SA broth (20 ml per 160-ml serum vial) adjusted to various pH values. Growth at the midpoint and growth at the end of incubation were monitored by measuring the A,, (1-cm light path) of aseptically withdrawn samples of cultures. The H,-CO, was replenished and the methane was analyzed as described above for the temperature studies. The pH in the test vials was verified anaerobically at the onset and at the conclusion of the experiment by using a specialized glass vessel (18) and after 4 days by a drop assay in which we used a Cardy C-1 pH meter (Horiba Instruments, Inc., Irvine, Calif.). The drop assay was also used to measure the pH before and after the H,-CO, in the vials was replenished. The pH was maintained at 20.1 U during incubation.
Growth substrates. The ability of some of the generally reported methanogenic substrates (concentration, 10 mM) to support growth was determined in SA broth (pH 5.5) prepared under 80% N,-20% CO,. Test substrates were filter sterilized, stored under N,, and added to autoclaved media via syringe injection. Methane production was determined after 1 and 3 weeks of incubation, and A660 was determined after 3 weeks of incubation. The suitability of 2-propanol(lO mM) or 2-butanol(lO mM) to serve as a hydrogen donor was determined after 1 week of incubation in SA medium (pH 5.5) (N,-C0,gas phase).
Incorporation of formate into cell carbon, methane, and CO, during growth on H,-CO, was determined in 10 ml of SA medium (pH 5.5) supplemented with 10 mM cold sodium formate and 5 pCi (1 Ci = 37 GBq) of H14COONa (New England Nuclear Corp., Boston, Mass.). Incorporation of the label into cell biomass, CH,, and CO, in test vials and in control vials inoculated with heat-killed cells was determined by using the methods described previously (17) .
Sulfur sources and vitamin requirements. The ability of cysteine hydrochloride, thioglycolate, methionine, 2-mer-captoethanesulfonic acid, and glutathione (each at a concentration of 5 mM) or Na,S (1 mM) to serve as a sole source of sulfur for the growth of strain GP9T (T = type strain) was determined as described previously (19) by using appropriately modified SA medium (pH 5.5) reduced with 5 ml of titanium (111) citrate per liter (0.40 mM Ti3+).
The vitamin requirements of strain G B T were determined by comparing growth and CH, production in SA medium (pH 5.5) containing all of the vitamins (see above) with growth and CH, production in vitamin-free medium.
Inhibitors and enhancers of growth. The effects of antibiotics and other potential inhibitors and enhancers of growth were studied by supplementing SA broth (pH 5.5) (gas phase, 80% H,-20% CO,) with filter-sterilized, anaerobic (stored under N,) stock solutions of test compounds. Methane production was assayed weekly, and A660 was determined after 3 weeks of incubation at 35°C. The vial headspace was repressurized twice a week and flushed out once a week.
DNA base composition. Cells from the mid-exponential growth phase in SA medium (pH 5.5) were harvested, washed with 10 mM saline-EDTA (pH 7.0), and lysed by repeatedly freezing and thawing in liquid nitrogen. The DNA from the lysate was extracted and purified by using the method of Marmur (16) . The DNA base composition was determined by the thermal denaturation (T,) procedure of Mandel et al. (15) , using the De Ley method (6) for calculating the G+C content. DNA isolated from Pichia kluyveri (G+C content, 30.0 mol%) was used as the standard.
Immunological fingerprinting. The antigenic fingerprint of strain GP9T was determined by using antibody S probes (13) of 10 methanogens. The antigenic relatedness of strain GP9T to the 10 reference cultures was determined by quantitative comparison of antigenic fingerprints as described by Macario and Conway de Macario (14) . . Washed cells of each strain were suspended in deionized distilled water and lysed by two passages through a French pressure cell (69,000 kPa). Debris was removed by centrifugation (16,000 X g, 5 min), and samples of the supernatants were then subjected to SDS-polyacrylamide gel electrophoresis by using conditions described previously (22) . The gels were stained by using the silver reagent (Bio-Rad Laboratories Ltd., Mississauga, Ontario, Canada). The standard proteins used were bovine albumin, ovalbumin, carbonic anhydrase, soybean trypsin inhibitor, and lysozme. For strains GP9T proteins, were analyzed by SDS-polyacrylamide gel electrophoresis as described above.
Protein was measured by using the dye binding assay of Peterson (20) and bovine serum albumin as the standard.
DNA-DNA homology. Cells of strain GP9T in the midexponential growth phase were harvested from SA medium (pH 5.5) and lysed by two passages through a French pressure cell (69,000 kPa). The DNA was extracted and purified by the Marmur (16) 
RESULTS
Isolation. The pH of the primary sludge used to start the enrichment cultures was 6.8 k 0.2. Maintenance of this sludge under anaerobic conditions (pH 6.8) resulted in the solubulization of a major portion of the sludge, with concurrent methane production. Transfer of this inoculum into synthetic S and SA media at pH 5.0 and 5.5, with H,-CO, as a substrate, resulted in substantial methane production within a few weeks at 35°C. This indicated the presence of a hydrogenotrophic methanogenic population (4H2 + CO, + CH, + 2H20) that was active at low pH values. However, aceticlastic methanogenic activity (CH,COOH + CH, + CO,) was not evident at low pH values since negligible amounts of CH, were detected upon inoculation into SA media at pH 5.5 when the H,-CO, in the headspace was replaced by 80% N2-20% CO,. Microscopic observation of the culture in SA medium (pH 5.0) (H,-CO,) revealed a predominance of rod-shaped bacteria. Serial dilutions in pH 5.0 broth of this culture, containing hydrogenotrophic methanogens, were streaked onto SA agar (pH 5.5). Agar medium was used at pH 5.5 rather than at pH 5.0 to overcome problems of agar consistency (softness). Visible colonies were usually observed after 7 to 10 days of incubation. Most of the colonies from lo-, dilutions were similar, and representative colonies were transferred into SA broth (pH 5.0), serially diluted, and plated onto agar. This procedure was repeated a few more times until culture purity was established by colony morphology and microscopic observation of cultures transferred into synthetic and complex media containing yeast extract, tryptone, and glucose. Four strains were isolated; these organisms were similar in appearance and in their pH and temperature profiles. Therefore, only one of these organisms, strain GP9T, was characterized in detail and is described below.
Surface colonies of strain GP9T were 0.5 to 1.0 mm in diameter after 7 to 14 days of incubation in SA agar (pH 5.5). The colonies were circular, had entire margins, were slightly raised at the center, and were creamy to light yellow in color. The cells were rod shaped and 0.8 pm wide by 3 to 22 pm long ( Fig. 1 ) in pH 5.5 media. The average single cell was about 6 pm long, but longer cells with no evidence of septation were seen under certain growth conditions. Typically, the rods consisted of one to three cells in a chain. The cells stained gram positive and were nonmotile, and no flagella were observed by electron microscopy. Cell lysis. Cells of strain GP9= from the mid-or lateexponential growth phase did not lyse when they were suspended in a hypotonic solution or in SDS (0.1 g/liter) as described by Boone and Whitman (4) . Cells could be lysed rapidly at pH 8.0 in 50 mM NH,HCO, buffer containing 2% (wthol) SDS and 32.4 mM dithiothreitol.
Temperature. Based on the specific growth rates (Fig. 2 ) derived from CH, production in SA medium at different temperatures, the optimum growth temperature was about 35°C. This conclusion was also supported by the A660 measurements done at the end of incubation. The initial pH of 5.5 was found to be maintained (+ 0.1U) at all incubation temperatures between 15 and 50°C. At 45"C, CH, production increased gradually for 4 days, and then it levelled off the A,,, at the end of incubation indicated that cells had lysed out. Negligible amounts of CH, were produced at 15°C. Growth and CH, production were not detected at 50°C. In a separate experiment we verified that growth (A66o) and CH, production rates were coupled during logarithmic growth at 35°C. pH, The optimum pH for growth and CH, production at 35°C in SA broth was between pH 5.6 and 6.2, as deduced from specific growth rates ( Fig. 3 ) measured from CH, production between 3 and 16 days of incubation. This optimum was corroborated by the A,, measured at the end of incubation. At pH 6.1 the maximum CH, production rate was 210 pmoV2O ml of culture per day, and the maximum specific growth rate, as determined from A,, measurements (data not shown), was similar (0.021 h-) to that obtained from CH, production data at pH 6.2 (Fig. 3 ). Growth and CH, production were observed at pH 4.68, but not at pH 4.3.
Comparison of CH? production rates in 2-(N-cyclohexylamino)-ethanesulfonic acid-buffered media at pH 7.7 and 6.1 indicated that the maximum CH4 production rate during growth at pH 7.7 was 45% of that at pH 6.1 (data not shown). At a growth pH of 5.5 at 35"C, a maximum specific growth rate of 0.07 h-' (i.e., a mass doubling time of about 10 h) was achieved when the rate of H2-C02 transfer into the medium was increased by incubating the preparation with shaking at 100 rpm in a model G24 shaker-incubator (New Brunswick Scientific Co., Inc., Edison, N.J.). The corresponding maximum CH, production rate achieved was 1,296 FmoV20 ml of culture per day. Under these growth conditions, a net increase in A, , of 0.90 was achieved after 4 days of incubation (1 U of A, , = 0.5 mg [cell dry weight]/ml).
Substrates. Formate, propionate, butyrate, pyruvate, methanol, ethanol, isopropanol, or trimethylamine (each at a concentration of 10 mM) could not support growth or CH, production (SA medium [pH 5.51 under an 80% N,-20% CO, gas phase). At the concentrations tested, none of these compounds caused significant inhibition of growth or methane production in strain GP9T cultures growing on H2-CO,. The only substrate that supported growth was H,-CO,. However, during growth on H,-C02 in the presence of formate, a small amount of formate carbon was incorporated into cell biomass (2.2 nmoVmg [cell dry weight]). The disappearance of label from the growth medium containing [14C]formate was accounted for by incorporation into CH,, CO,, and cell biomass (representing 61, 27, and 12% of the label, respectively). The labeled formate in vials inoculated with heat-killed cells was not metabolized. The mechanism of formate utilization under our test conditions is not known.
Measurable growth (increase in A660) of strain GP9= was not detected in SA media (pH 5.5) (N,-CO, gas phase) containing either 10 mM 2-propanol or 10 mM 2-butanol as a hydrogen donor. However, the low levels of methane production in 2-propanol-and 2-butanol-containing media (14 and 17 pmol per vial, respectively) were about five times higher than the level (3 pmol per vial) in control medium " SA medium (pH 5.5) (H2-CO,) (10 ml per 60-ml vial) was supplemented as indicated. Cultures were incubated for 3 weeks at 35°C. Data are percentages of SA medium control results, which were as follows: maximum CH4 production rate, 95 Fmol per day per 10 ml; cumulative CH, production after 3 weeks, 1,758 pmoYlO ml; final Am, 0.40.
There was a 1.5-to 2-week lag period.
There was a 1-week lag period.
containing no alcohol. The alcohols, at the concentrations used, were not inhibitory to growth and methane production of strain GP9T cultivated under an H,-C02 gas phase. Sulfur sources and vitamin requirements. Addition of a titanium (111) citrate reducing solution (5 muliter) caused a 10 to 20% inhibition of the maximum CH, production rate of strain GP9= in SA medium (pH 5.5) that was reduced with cysteine-Na,S. Various sulfur sources were investigated in medium reduced with titanium (111) citrate. Only cysteine hydrochloride or N+S could serve as a sole sulfur source for growth. The maximum CH, production rate with Na,S (1 mM) was comparable to that with cysteine-Na,S, and with cysteine hydrochloride (5 mM) the maximum CH, production rate was 90% of that with N+S. No growth occurred in the presence of sulfate as the sole sulfur source.
The growth (A, , ) of strain GP9T in vitamin-free SA medium (pH 5.5) after 7 days of incubation was 56% of the growth in medium containing all of the vitamins. This observation was confirmed even after five consecutive transfers into vitamin-free medium. Therefore, vitamins are not essential for growth but are stimulatory.
Inhibitors and enhancers of growth. The effects on strain GP9T of supplementing SA medium (pH 5.5) (80% H2-20% CO,, incubation at 35°C) with potential inhibitors and enhancers of growth of methanogens are shown in Table 1 . Whereas primary sludge supernatant was slightly stimulatory, yeast extract and tryptone were somewhat inhibitory. Although benzyl viologen caused about 20% inhibition of growth and CH, production, a similar concentration of methyl viologen was not as inhibitory. Bromoethanesulfonic acid caused about 30% inhibition. Among the antibiotics tested, bacitracin and kanamycin were potent inhibitors of growth. Table 1 demonstrated very similar trends with respect to the effects of various compounds on growth and methanogenesis.
The presence of 1% (wtlvol) NaCl in SA medium (pH 5.5) caused a 30% decline in the maximum CH, production rate, and no growth or CH, production was observed in the presence of 5% NaCl (data not shown).
DNA base composition. The DNA isolated from strain GP9T had a ratio of A, , , to A,,, of 1.9, indicating that it was relatively free of protein contamination. The DNA base composition determined from the melting point (Tm, 83.2"C) was calculated to be 33.7 mol% G+C.
Immunological fingerprinting. The partial antigenic fingerprint of strain GP9T was defined with antibody S probes of 10 reference methanogens (Methanobrevibacter smithii PS, more, based on this criterion it is more closely related to strain M.0.H.G than to strain M.o.H.~ Cell protein analyses. A comparison of whole-cell extract (Fig. 4A ) and cell surface proteins (Fig. 4B) of strain GWT and Methanobacterium bryantii M.o.H.~ and M.Q.H.G by SDS-polyacrylamide gel electrophoresis indicated that these three strains have similar protein profiles except for certain regions (Fig. 4, arrows) .
DNA-DNA homology. Results of DNA-DNA homology studies indicated (Table 2) 
DISCUSSION
Methane production at pH values below 5.0 has been reported in some ecosystems (11, 24, 25) . However, pure culture isolates of methanogens from these environments were not able to grow at pH values below 5.3, although some methane (2% of that at the optimum pH of 6.0) was produced at pH 3.0 (25). Methanococcus jannaschii, a deep-sea ther-I mophilic methanogen, was reported to grow at pH 5.2, the most acidic pH tested (10) . We believe that strain GP9T is the first axenic methanogenic culture that has been demonstrated to grow at pH 5.0 and below. Moreover, the optimum growth pH is in the moderately acidic range (pH 5.6 to 6.2).
Similar to strain GP9T, there are other methanogens that can use only H,-CO, as a growth and methanogenic substrate (3, 7, 26, 27) . Like the recently described organism On the basis of its characteristics, strain GP9T belongs to the order Methanobacteriales (1) . The DNA base composition of strain GP9T is in the range (30 to 50 mol% G+C) usually observed for species of the genus Methanobacterium (2, 3, 12, 23) . The morphology and indirect immunofluorescence reaction of strain GP9T indicate that it is more closely related to members of the genus Methanobacterium than to members of the genus Methanobrevibacter. The similarities in the total cellular and cell surface protein profiles of strain GWT and Methanobacterium bryantii M . o . H .~ and M.0.H.G also indicate that strain G B T is a member of the genus Methanobacterium, but not necessarily a strain of the species Methanobacterium bryantii. These results support the identification of strain GP9T as a Methanobacterium species; however, strain GP9T is a mesophile and therefore differs fionnthe thermophilic species (2, 3, 26, 28) of the genus Methanobacterium. Strain GP9T also differs from the mesophilic species Methanobacterium formicicum and Methanobacterium uliginosum in its growth pH requirements, growth substrates, and DNA base composition (12, 23) . Strain GP9T is distinct from Methanobacterium ivanovii on the basis of the optimum growth pH of 7.0 to 7.4 (pH range, 6.5 to 8.2) and optimum growth temperature of 45°C of the latter organism (7) . Moreover, unlike strain GP9T, Methanobacterium ivanovii resists inhibition by bromoethanesulfonic acid at concentrations up to 1 mM (7) . The DNA base composition of Methanobacterium ivanovii (7) is 36.6 mol% G+C (T, method). Strain GP9T differs from acidtolerant isolate 0-1, which was obtained from peatlands (29, as well as from all of the presently well-characterized mesophilic pure cultures of methanogens, in its ability to grow at pH values below 5.0. Moreover, the indirect immunofluorescence reaction of isolate 0-1 was 3+ with anti-Methanobrevibacter arboriphilus DH1 (25), whereas strain G B T gave no reaction (i.e., strain 0-1 is more closely related to members of the genus Methanobrevibacter). Detailed characteristics of strain 0-1 are not currently available.
The G+C content of strain GP9T (33.7 mol%) was similar to that (30.8 mol% as determined by the T , method; 32.7 mol% as determined by the bouyant density method) of
